[1] Over a decade of mooring measurements in the western Fram Strait at 78°50 0 N shows that the annual mean liquid freshwater flux (FWF) in the East Greenland Current is relatively constant at À1274 ± 453 km 3 yr À1 (À40.4 ± 14.4 mSv) despite the fact that the annual mean total volume transport of the EGC has more than doubled since 2001. This is shown to be due to an increase of the transport in the deeper ocean and the fact that the largest FW content is present on the East Greenland shelf and not in the core of the EGC. In order to capture the FWF on the shelf modeling results of NAOSIM are included showing that a mean contribution of FWF on the shelf of at least À807 ± 357 km 3 yr À1 (À25.6 ± 11.3 mSv) should be added to the FWF obtained for the EGC. When compared to the extra input of freshwater required to account for the 1960 -1990 freshening of the northern North Atlantic, the observed variations in the 1998 -2008 EGC liquid freshwater fluxes are small. Citation: de Steur, L., E. Hansen,
Introduction
[2] The northern North Atlantic features sites where weak stratification promotes formation of cold, dense waters, a key part of the meridional overturning circulation (MOC). Excessive amounts of freshwater could alter the stratification and density contrasts governing this northern limb of the MOC [Manabe and Stouffer, 1994] . The Arctic Ocean freshwater export through Fram Strait is a key parameter of the Arctic Ocean freshwater budget and a major link between the Arctic Ocean and the global climate system.
[3] A significant freshening in the subpolar North Atlantic from 1960 to 1990 [Curry and Mauritzen, 2005] was followed by a reversal of this trend in the upper ocean since the 1990s [Holliday et al., 2008] . Parts of this freshening has been attributed to pulses of excess freshwater released from the Arctic Ocean through Fram Strait, either as sea ice or as liquid freshwater [Dickson et al., 1988; Karcher et al., 2005] .
[4] This paper presents time series of Fram Strait liquid freshwater fluxes observed directly by moorings over the period 1998 -2008 . The time series allows us to quantify Arctic freshwater fluxes carried by the East Greenland Current through Fram Strait in an era of widespread and seemingly accelerating Arctic change, such as record high rates of sea ice loss [Comiso et al., 2008] and increased river runoff [Peterson et al., 2006] .
Freshwater Calculation
[5] Since 1997 up to present a mooring array has been maintained in the Fram Strait at 78°50 0 N (Figure 1 ), as a joint effort of the Norwegian Polar Institute (NPI) and the Alfred Wegener Institute for Polar and Marine Research (AWI). Six of the moorings cover the southward flowing East Greenland Current (EGC). Here, we calculate volume transport, freshwater content and freshwater flux in the EGC using salinities (S) and velocities (V) from mooring instruments. Errors in the obtained S and V fields due to vertical interpolation, and hence loss of realistic stratification, are reduced by incorporating Conductivity-Temperature-Depth (CTD) observations. Details on the data treatment can be found in the auxiliary material.
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[6] The freshwater content (FWC) is calculated as:
It is the integral thickness of freshwater that accounts for the observed salinities that are lower than a reference salinity S ref .
We use a reference salinity S ref = 34.9, the mean salinity in the Nordic Seas [Holfort et al., 2008] . The net southward freshwater flux (FWF) integrated over the section is then calculated as:
3. Results 3.1. Volume Transport, Freshwater Fluxes, and Content
[7] The winter-centered annual mean values (calculated from July to June) of the southward volume transport in the EGC integrated over the mooring array from 6°30 0 W to 0°are shown in Figure 2a . The annual mean volume transport shows a decrease in the first 4 years to a minimum of À3.7 ± 1.4 Sv in 2002 and an almost steady increase to a maximum of À10 ± 3.8 Sv in 2007. Earlier estimates of the EGC transport vary from À4.1 Sv [Rudels, 1987] to À11.1 ± 1.7 Sv [Fahrbach et al., 2001] . We have separated the total volume transport into transport above and below 700 dbar depth, which divides the EGC in the strong upper core where mean velocities are larger than 5 cm s À1 , and the portion below where velocities are $1-3 cm s
À1
( Figure 1b ). The change in total annual mean volume transport ( Figure 2a ) over the last 5 years is determined by changes in the transport in the deep ocean below 700 dbar even though the upper ocean transport has also increased slightly. The annual mean FWF in the early 2000s shows strong interannual variations, which is not apparent in the total volume transport. In the second half of the observational period, the annual mean FWF coincides with the slight increase in transport above 700 dbar. The long-term mean FWF from these observations in the EGC is À1274 ± 453 km 3 yr À1 (À40.4 ± 14.4 mSv). This is close to the early estimate of the liquid FWF into the Nordic Seas of À1160 km 3 yr À1 (À37 mSv) relative to S ref = 34.93 by Aagaard and Carmack [1989] , determined from hydrography only.
[8] Figure 2b shows the mean seasonal cycle of the total volume transport, the FWF and integrated FWC. The volume transport shows a clear seasonal signal with a minimum in summer and a maximum in winter. The seasonal cycle of the FWF correlates well with the seasonal cycle of the volume transport (r = 0.79) and slightly less with the seasonal cycle of total integrated FWF (r = 0.64). The mean seasonal cycle of the FWF shows a maximum in the fall when both the volume transport and the FWC are large.
[9] Contrary to expectations, the total integrated FWC across the EGC does not have a very prominent maximum in late summer when sea-ice melt is largest (Figure 2b [10] The time series of FWC integrated over the mooring section (Figure 3b , blue line) emphasizes the minimum in fall 1999 followed by a peak in late 2000 and a small peak again in late 2007. For comparison, the integrated FWC from CTD data across the same section in the EGC are shown (red diamonds) as well as the integrated FWC from data including the shelf west of the EGC (green dots). In the first case FWC matches FWC from the moorings very well, indicating that our algorithm provides realistic FWC despite large spacing and lack of surface salinities. The FWC that includes the shelf, however, illustrates that moorings in the EGC capture the FWC only partially. If there is a substantial southward flow on the shelf, then the fluxes determined from the mooring array most likely underestimate the total FWF on this section.
Freshwater Fluxes on the East Greenland Shelf
[11] We investigate the uncertainty of the total FWF associated with the contribution of the shelf by using salinities and geostrophic velocities from CTD stations west of 6.5°W. However, FWF estimates on the shelf depend sensitively on the zonal extent they are calculated for due to the presence of an anticyclonic shelf circulation [Budéus and Schneider, 1995] . Also, a large uncertainty stems from the lack of information of the barotropic flow. Hence, we compare observed estimates with that from a model experiment of NAOSIM (North Atlantic/Arctic Ocean Sea Ice Model; [Gerdes et al., 2008] ) with 28 km resolution and 33 levels. Figures 4a and 4b show salinity cross sections from CTD data and from the model in September 2003 covering the shelf. The model mimics the stratification on the shelf very well. The long-term mean modeled FWF in the EGC (between 6.5°W and 0°) is À1445 km 3 yr
À1
, close to the observed estimate.
[12] September estimates of FWF on the shelf from hydrography and monthly and winter-centered annual mean time series calculated by the model are shown in Figure 4c .
In years with CTD coverage to at least 14°W ('98, '00,'02 and '03) the FWF on the shelf varies from +80 km 3 yr À1 to À342 km 3 yr
. When the shelf is not fully sampled, the FWF on the shelf can be up to À1975 km 3 yr À1 . The model shows a large seasonal cycle with a small southward flux in early summer and a maximum in late fall. The modeled annual mean FWF over the shelf varies interannually between À232 and À1477 km 3 yr À1 and the long-term mean is À807 km 3 yr
. The large southward FWF in 2006 is related to a large volume transport over the shelf and not due to freshening. The relative contribution of modeled FWF on the shelf to the total southward FWF ranges from approximately 15% to 55%.
[ . Here, we take the long-term mean modeled FWF as an estimate on the shelf and we arrive at a total FWF of À1274-807 = À2081 km 3 yr À1 (À66 mSv) for the EGC and shelf combined. 
Discussion
[14] Despite the fact that the Arctic Ocean has undergone vast changes, such as a large decrease in perennial sea-ice cover [Comiso et al., 2008] , the freshening of the marginal seas in the Arctic observed in 2007 [Polyakov et al., 2008] , and increased river runoff [Shiklomanov and Shiklomanov, 2003] , the liquid FWF through Fram Strait does not show a pronounced trend over the observed decade although a small increase is observed in the last 3 years. How does an average annual liquid freshwater discharge of À2081 km 3 yr À1 compare to the other components in the freshwater budget in the subpolar seas? Dickson et al. [2007] provides a range of flux numbers from literature, which compare well with our estimates presented here. Here, however, we would like to put our flux estimates into perspective relative to the recent large loss of sea-ice volume and the 1960 -1990 Northern North Atlantic freshening.
[15] Over the 1996 -2007 period the Arctic sea ice cover shrank in area with about 111000 km 2 yr À1 [Comiso et al., 2008] . Ice thicknesses also declined [Giles et al., 2008] , but here the representative numbers are more uncertain. If we assume that the average thickness of the ice that was lost ranges from 1 to 3 m with a mean salinity of 5 (seasonal and perennial), the sea-ice loss amounts to 95-285 km 3 yr À1 of freshwater. The fraction not directly lost by export as sea ice, enters the liquid freshwater budget. This remaining fraction may partially be reused for forming new ice or stored, or may be exported through one of the other Arctic gateways. Any remaining portion that is exported through Fram Strait is likely of such a magnitude that it is difficult to detect at the mooring array, taking into account the uncertainties inherent to the calculations. This, in short, means that we do not expect to observe the effects of the recent loss of sea-ice volume appearing in the liquid part of the Fram Strait freshwater directly.
[16] Based on sea-ice thicknesses observed at the same mooring array over the period 1991 -1998 , Kwok et al. [2004 [Dickson et al., 1988] which is 55% of the total annual Fram Strait export. This anomalous freshwater input is of the same order of magnitude as the annual mean Fram Strait export.
[17] A recent study indicates that the upper ocean in the Arctic Canadian basin has become much fresher relative to climatology, inducing an increase of steric height [McPhee et al., 2009] . On decadal time scales FWC changes in the Beaufort gyre are dominated by atmospheric circulation changes which may lead to increased freshwater transports towards the Fram Strait or through the Canadian Archipelago in future. The long-term mooring array in Fram Strait enables us after 10 years for the first time to identify slow shifts in the liquid fresh water export from the Arctic. Still, these shifts are superimposed by strong interannual variability and the relationship between volume transport and fresh water transport remains an open research question. We need to maintain observational capability at this key site of the global ocean circulation to monitor future changes in the Arctic freshwater balance and its potential impact on the deep water formation in the subpolar North Atlantic. 
